Objective-To determine whether levosimendan, a calcium sensitiser that facilitates the activation of the contractile apparatus by calcium, improves myocardial contractile function during severe ischaemia and reperfusion without exacerbating the incidence of arrhythmias. Design-Pigs were pretreated orally twice daily for 10 days with 0.08 mg/kg levosimendan or placebo. On day 11 the left main coronary artery was ligated for 30 minutes, followed by 30 minutes of reperfusion. A bolus dose of levosimendan, 11.2 µg/kg intravenously, or placebo was given 30 minutes before coronary ligation, followed by a continuous infusion of 0.2 µg/kg/min levosimendan or placebo for the remainder of the experiment. Results-During the ischaemic period, cardiac output was higher in the levosimendan group than in the placebo group (mean (SD): 2.6 (0.5) v 2.0 (0.2) l/min, p < 0.05) and systemic vascular resistance was lower (2024 (188) (130) mm Hg/s, p < 0.05) were increased by levosimendan. The incidence of ischaemic ventricular fibrillation and tachycardia was similar in the two groups but there were more arrhythmic events (ventricular tachycardia and ventricular fibrillation) in the levosimendan treated group (8/12 levosimendan v 1/9 control p = 0.05). Conclusions-Levosimendan improved cardiac output and myocardial contractility during coronary artery ligation and reperfusion. However, it increased the number of arrhythmic events during ischaemia in this model of in vivo regional ischaemia. (Heart 2001;86:81-87) 
Conventional inotropic agents increase myocardial cyclic adenosine monophosphate (cAMP), either by stimulation of the adrenoreceptor pathway or by phosphodiesterase inhibition. Raised cAMP concentrations result in an increase in intracellular calcium which may exacerbate ischaemia/reperfusion calcium overload 1 (fig 1) and promote ventricular arrhythmias, not only during myocardial ischaemia 2 3 but also during reperfusion. 4 During myocardial ischaemia, the contractile apparatus can be desensitised to calcium by intracellular proton accumulation (from glycolysis) or by an increase in cAMP dependent phosphorylation of troponin I. 5 Calcium sensitisers could therefore be particularly useful in the setting of ischaemia and reperfusion to improve left ventricular contractile function, provided that a proarrhythmic eVect can be excluded.
There have been numerous studies on the eVects of traditional calcium sensitisers, such as MCI 154, EMD 57033, and EMD 60263, on the function of the postischaemic heart, [6] [7] [8] but levosimendan has been little studied in the heart in vivo. Levosimendan is a calcium sensitiser which facilitates the activation of the contractile apparatus by calcium. [9] [10] [11] It is unique in that it not only increases the aYnity of troponin C for calcium, but its aYnity for troponin C is also calcium dependent. The implications of this characteristic of levosimendan are that it does not impair diastolic relaxation like most of the traditional calcium sensitisers. 10 Electrophysiological studies have also shown that levosimendan opens the adenosine triphosphate 11 and vascular smooth muscle cells, 12 which may also provide it with antiischaemic properties.
Clinical studies have investigated the inotropic eVect of levosimendan on failing heart muscle strips 13 14 and on reperfused hearts after coronary artery bypass grafting. 15 The former studies showed a levosimendan induced improvement in muscle strip contractile function, while the latter demonstrated a levosimendan induced increase in cardiac output and coronary flow in these hearts. Nijhawan and colleagues 16 recently measured cardiac output and the incidence of arrhythmias in patients after cardiopulmonary bypass surgery. They confirmed our findings, 17 showing that levosimendan improved cardiac function without increasing the incidence of arrhythmias in hearts subjected to global ischaemia. There is, however, no information concerning the eVects of levosimendan on contractility and the incidence of arrhythmias in the regionally ischaemic and reperfused heart.
We propose that levosimendan may improve ischaemic and reperfusion function in an in vivo open chest pig model. To investigate this, we assessed the eVects of this agent on myocardial function, the incidence of arrhythmias, coronary blood flow, and systemic vascular resistance during severe regional ischaemia and reperfusion in an open chest pig model.
Methods
Male pigs (Large White crossed with Landrace), weighing 27-30 kg, received ketamine 10 mg/kg, atropine 0.5 mg, and diazepam 1 mg/kg intramuscularly as premedication. Anaesthesia was induced with thiopentone (thiopental) sodium 250 mg intravenously. The pigs were ventilated with a nitrous oxide/oxygen mixture (volume ratio 4:6), to which 0.5-1.5% of isoflurane was added. The PO 2 was controlled between 100-140 mm Hg and the pH between 7.43 and 7.48. Standard limb lead ECG and arterial pressure were monitored continuously.
The heart was exposed by a midsternal thoracotomy. The main stem of the left coronary artery was dissected free for about 3 mm at a point one half to two thirds of the way from its origin to its apical termination. Ligation was eVected by abrupt tightening of a piece of polyvinyl tubing around a 2 cm length of rigid tubing placed alongside the artery. This procedure was used to facilitate reperfusion after 30 minutes of ischaemia. An ultrasonic flow probe (Transonic Systems, Ithaca, New York, USA) was placed around the aortic root to determine the cardiac output. The systemic vascular resistance was calculated in dynes.s.cm −5 from the mean arterial pressure and the cardiac output. 18 Ventricular fibrillation was defined according to Katz. 19 Epicardial direct current shock of increasing current strength was applied usually within four seconds of the onset of arrhythmias. If defibrillation could not be accomplished within 90 seconds, the experiment was terminated. Ventricular tachycardia was defined as more than four consecutive uniform or multiform ventricular premature systoles. Runs of ventricular tachycardia were considered terminated when they were followed by at least three normally conducted sinus beats.
In addition to the recording of the incidence of ischaemic/reperfusion arrhythmias, the ventricular fibrillation threshold was measured shortly before as well as three minutes after coronary artery ligation. An electrical stimulus consisting of a train of 10 square wave pulses was triggered by the R wave and distributed over 210 ms during the T wave. The stimulus was passed between two platinum electrodes sutured onto the anterior wall of the left and right ventricle, 2.5 cm apart. The anode was placed over the border of the expected ischaemic zone in the left ventricle and the cathode over the non-ischaemic zone of the right ventricle. Pulses were generated using a Grass S88 stimulator. The stimulus current was progressively increased in 2 mA steps, starting at 4 mA, until ventricular fibrillation occurred. The ventricular fibrillation threshold was taken as the lowest current required to induce ventricular fibrillation. Care was taken not to use a long train of pulses, which may spill over into the late portion of the T wave (refractory phase). 20 Epicardial direct current shock was applied usually within four seconds of the onset of ventricular fibrillation and repeated if necessary. The ventricular fibrillation threshold was measured before coronary artery ligation, five minutes after coronary artery ligation, and 10 minutes after reperfusion. Runs of ventricular fibrillation or ventricular tachycardia were considered terminated when they were followed by at least three normally conducted sinus beats. Thirty minutes after ligation the ligature was released to reperfuse.
Left ventricular pressures and the maximum rate of pressure development in the left ventricle (LV max dP/dt) were measured using a tip transducer catheter placed in the left ventricular cavity (Millar, Houston, Texas, USA) and connected to a Cardiomax computerised system (Columbus Instruments, Columbus, Ohio, USA).
Regional left ventricular blood flow was measured 23 minutes after initiation of intravenous drug administration (seven minutes before ligation), 20 minutes after coronary artery ligation, as well as 20 minutes after reperfusion. The reference sample method was employed. The radionuclides used were 95 niobium, 51 chromium, and 103 ruthenium (New England Nuclear, Boston, Massachusetts, USA). Full details of this procedure have been published. 21 22 Radionuclides were used in five placebo and five levosimendan treated animals to determine ventricular blood flow.
Microdrill biopsies were taken 12 minutes after coronary artery ligation. These biopsies were obtained from the peripheral ischaemic and non-ischaemic zones of the left ventricular wall using a modified dental drill. Biopsies were predominantly subepicardial and were frozen in liquid nitrogen within four seconds. They were then extracted in perchloric acid and neutralised. Tissue extracts were analysed for ATP, phosphocreatine, and cAMP as previously described. 22 Thirty minutes after reperfusion the left coronary artery was ligated at the same site and the ischaemic zone delineated by injection of patent blue dye into the left atrium, as described. 23 The size of the ischaemic zone was expressed as a percentage of the total left ventricular mass. When the underperfused (ischaemic) zone was less than 26% or more than 34% of the left ventricular mass the heart was excluded from the study.
STUDY GROUPS

Levosimendan group (13 pigs)
In order to obtain stable plasma levosimendan concentrations and to observe the eVect of chronic levosimendan treatment on the inotropic eYcacy of the drug, pigs received levosimendan in gelatine capsules, 0.08 mg/kg orally twice daily for 10 days. On the day of the experiment (day 11), starting 30 minutes before ligation, levosimendan 11.2 µg/kg was given as an intravenous bolus dose over 10 minutes followed by a continuous infusion of 0.2 µg/kg/min throughout ischaemia and reperfusion (fig 2) . Levosimendan was dissolved in 4 mM sodium hydroxide and diluted with 0.9% saline. In a dose finding study done by us, this dose regimen resulted in an approximately 20% increase in contractile activity, as measured by the LV max dP/dt.
Placebo group (9 pigs)
The pigs were given gelatine capsules containing dextrose, twice daily for 10 days. On the day of the experiment and before coronary artery ligation, vehicle was injected over 10 minutes followed by a continuous infusion for the remainder of the experiment (80 minutes).
PLASMA CONCENTRATIONS OF LEVOSIMENDAN
Arterial blood was collected to determine the plasma levosimendan concentration before the infusion, at 22 minutes after starting the infusion, at 15 minutes after coronary artery ligation, and at 27 minutes after reperfusion. Plasma levosimendan measurements were undertaken by Orion Pharma, Espoo, Finland.
CALCULATIONS
Rate-pressure product (mm Hg/min/kg) = heart rate × systolic arterial pressure/body weight (kg). One way analysis of variance (ANOVA) was applied using paired analysis where appropriate. Fisher's exact test was used to compare the incidence of ventricular arrhythmias during ischaemia/reperfusion. Bonferroni's correction was applied to compensate for multiple comparisons 24 . A probability value of p < 0.05 was considered significant.
Mean arterial pressure (MAP)
(
Results
HAEMODYNAMIC CHANGES
In comparison with control animals, chronic oral treatment with levosimendan increased the cardiac output .cm −5 , p < 0.05) (table 1). Myocardial contractility was, however, unchanged by the 10 day oral treatment with levosimendan. These measurements were performed before starting the bolus dose infusion of levosimendan.
Cardiac output in the levosimendan group was higher and systemic vascular resistance lower throughout the experiments. Heart rates were similar in the placebo and treated groups throughout the experiment. Systemic vascular resistance (calculated) was lower in the levosimendan group throughout ischaemia and reperfusion (table 1) .
Levosimendan infusion, started 30 minutes before coronary artery ligation, increased the maximum rate of left ventricular pressure Maximum rates of left ventricular relaxation (LV max dP/dt (neg)) were unchanged by levosimendan. By 25 minutes of reperfusion, LV max dP/dt (neg) was −1147 (174) mm Hg/s for control hearts and −1013 (212) mm Hg/s for levosimendan treated hearts.
REGIONAL LEFT VENTRICULAR BLOOD FLOW
Levosimendan increased blood flow in the left ventricle before coronary artery ligation (1.32 (0.20) v 0.86 (0.13) ml/g/min, p < 0.001) ( fig  3) . During the ischaemic and reperfusion periods these higher blood flow rates were maintained in the levosimendan group.
INCIDENCE OF VENTRICULAR ARRHYTHMIAS
Data on ventricular arrhythmias are given in table 2.
Ventricular tachycardia
There were no statistical diVerences in the incidence of ventricular tachycardia between the two groups during ischaemia and reperfusion.
Ventricular fibrillation
In the ischaemic period, sinus rhythm could not be restored by defibrillation in four pigs in the levosimendan group. In a fifth pig, successful defibrillation was obtained within 90 seconds. In the placebo group only one pig had ventricular fibrillation, which was successfully defibrillated.
In the reperfusion period, ventricular fibrillation in one pig was intractable in the levosimendan group. In another six pigs which developed ventricular fibrillation, sinus rhythm could be restored. In the placebo group, the five pigs with ventricular fibrillation were successfully defibrillated. (table 3) . Cyclic AMP concentrations in the two groups were similar, with increased values in the ischaemic tissue of both groups.
PLASMA CONCENTRATIONS OF LEVOSIMENDAN AND ITS METABOLITES
Plasma concentrations of levosimendan were stable throughout ischaemia (29.5 (4.5) ng/ml) and reperfusion (27.1 (4.9) ng/ml). Plasma concentrations of the one levosimendan metabolite, OR-1855, were negligible (2.4-3.4 ng/ml) throughout the experiments, while the other active metabolite, OR-1896, was not found in the plasma at all.
SIZE OF THE ISCHAEMIC ZONE
One pig from the levosimendan group was excluded because the size of the ischaemic zone 
Discussion
Levosimendan is a unique calcium sensitiser that binds to myocardial troponin C and facilitates the activation of the contractile apparatus by calcium. In addition, levosimendan opens the ATP sensitive potassium channel in both vascular smooth muscle 12 and ventricular myocytes. 11 A previous study from our laboratory showed that levosimendan improved reperfusion function without increasing the incidence of arrhythmias in the isolated guinea pig model of global ischaemia. 17 In the present study, using an in vivo large animal model, levosimendan increased ischaemic and reperfusion cardiac output and preischaemic and reperfusion left ventricular contractility (LV max dP/dt). However, it also increased the number of arrhythmic events during ischaemia in this model of regional ischaemia. Levosimendan increased coronary flow and decreased systemic vascular resistance throughout the study. These secondary vasodilator properties would be expected to produce further improvement in ischaemic and reperfused function by virtue of their anti-ischaemic aVects in the heart.
Because the ischaemic myocardium copes poorly with raised calcium concentrations (either intracellular or extracellular), [25] [26] [27] calcium sensitisers could be particularly eVective in the treatment of the ischaemic and reperfused heart. These compounds do not increase the already raised calcium concentrations in the ischaemic myocardium, and this would be expected to reduce the risk of further exacerbating the cytosolic calcium overload induced by ischaemia and reperfusion. Calcium sensitisers should also be electrophysiologically "silent"-that is, they should not cause electrophysiological manifestations that may predispose the heart to arrhythmias. 28 
HAEMODYNAMIC CHANGES INDUCED BY
LEVOSIMANDAN
Levosimendan improved cardiac output both during ischaemia and reperfusion in this study. This increase in cardiac output is probably a result of improved contractility (left ventricular dP/dt) and a reduction in systemic vascular resistance in the levosimendan treated animals. Despite the fact that levosimendan did not increase contractility during ischaemia, stoke volume was higher in levosimendan treated hearts than in the placebo group. This increase in stroke volume was not caused by a reduction in heart rate in these animals (table 1). The diVerence in stroke volume between the two groups is because of an ischaemia induced decrease in stroke volume in the placebo hearts. Levosimendan treatment prevented this ischaemia induced reduction in stroke volume observed in the placebo treated animals.
Contractility (LV max dP/dt) is an index of velocity of contraction and is largely independent of the preload/systemic vascular resistance to which the heart is subject 25 . In this study, LV max dP/dt was at its lowest shortly after reperfusion under control conditions (table 1) . Levosimendan, however, greatly improved the contractility of the heart early in reperfusion. These data support our proposal that the improved cardiac output observed with levosimendan treatment is not merely the result of a decreased systemic vascular resistance, but also reflects improved contractile function of these hearts. These results confirm our earlier findings in an isolated guinea heart model.
VASODILATOR PROPERTIES OF LEVOSIMENDAN
A pronounced coronary 13 29 and peripheral 29 vasodilator eVect of levosimendan has been described in previous studies. Recent electrophysiological studies with levosimendan suggest that these vasodilator eVects are mediated through opening of the ATP sensitive potassium channel in vascular smooth muscle cells.
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These vascular eVects of levosimendan would be expected not only to increase blood flow to the underperfused myocardium, but also to reduce the afterload on the heart. The aim of various haemodynamic treatments used in heart failure is to reduce the afterload on the heart, which would be expected to improve myocardial performance by allowing better left ventricular emptying, reducing end diastolic volume, and consequently reducing end diastolic preload.
LEVOSIMENDAN AND VENTRICULAR ARRHYTHMIAS
A major concern with the clinical use of conventional inotropic agents has been that they tend to be proarrhythmic, possibly because they promote the formation of tissue cAMP, either by adrenergic stimulation or by phosphodiesterase inhibition. Because only high concentrations of levosimendan (more than 90 ng/ml) are thought to inhibit phosphodiesterase-III, 30 31 we believe that inhibition of phosphodiesterase activity by levosimendan can be ruled out in our study as plasma concentrations never exceeded 30 ng/ ml. In addition, although tissue cAMP concentrations were raised in the ischaemic region of the levosimendan treated hearts, this increase was similar in both treatment and control groups. The ischaemia induced increase in tissue cAMP is a well described phenomenon not yet fully understood. 20 21 The eVect of levosimendan on the incidence of arrhythmias has been reported in a limited number of studies such as ours 17 and that of Nijhawan and colleagues, 16 in conditions where hearts were subjected to global ischaemia. In both studies levosimendan was found to have no eVect on the incidence of arrhythmias, either during ischaemia or reperfusion. The diVerence in the eVect of levosimendan on the incidence of ischaemic arrhythmias observed in this study may be explained by the diVerence in the models of ischaemia. We know that hearts subjected to regional ischaemia are more prone to arrhythmias owing to the inhomogeneity of the myocardium over the ischaemic and non-ischaemic zone of these hearts.
MYOCARDIAL METABOLISM
The increase in blood flow to the ischaemic zone by levosimendan would be expected to reduce ischaemic damage by preserving the energy status of the heart. 32 33 In addition, opening of the ATP sensitive potassium channel has been linked to an increase in tissue viability. In this study, however, tissue ATP and phosphocreatine contents remained unchanged. Our results are in contrast with those obtained in two other studies where levosimendan reduced ischaemic damage as measured by epicardial nicotinamide adenine dinucleotide phosphate (NADH) fluorescence photography 34 and high energy phosphate compounds. 17 The reason for this may be the severity of ischaemia in the pig heart following coronary artery ligation. 35 Despite the levosimendan induced improvement in blood flow to the peripheral ischaemic zone (during ischaemia), residual blood flow was only about 12% of the preligation value.
STUDY LIMITATIONS
A reservation about this study was that the anaesthesia caused a significant reduction in myocardial function. Our group had changed from chloralose 36 to isoflurane as the preferred anaesthetic agent, 23 and decided to continue using this form of anaesthesia in the current study. Chloralose caused an increase in heart rate, which we felt could influence the susceptibility of the heart to arrhythmias during ischaemia and reperfusion. These heart rate eVects are not seen when animals are anaesthetised with isoflurane. 37 Although the reduction in function during anaesthesia is not ideal, we believe that because both groups of animals were subjected to the same anaesthesia, the data obtained in the study are valid.
CONCLUSIONS
To our knowledge, this is the first study to describe the eVects of levosimendan in an in vivo model of severe regional ischaemia followed by reperfusion. Levosimendan improved cardiac output throughout the experiment, and improved contractility before ischaemia and during reperfusion. However, it unexpectedly increased the number ischaemic arrhythmias in this model of severe regional ischaemia. Levosimendan should therefore be used with caution in patients who have conditions associated with regional myocardial ischaemia. In future when more human safety data are available, this caveat may be confirmed or set aside.
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